H 2 O (22 GHz) and SiO masers (43, 86, 129 GHz) We also found a systematic behaviour in the velocity profiles of these masers. The velocities of the H 2 O maser components appear to be remarkably constant, suggesting ballistic motion for the bipolar outflow in this nebula. On the other hand, those of the SiO maser clumps show a systematic radial acceleration of the individual clumps, converging to the outflow velocity of the H 2 O maser clumps. Measuring the full widths at zero power of the detected lines, we estimated the expansion velocities of the compact bipolar outflow traced by H 2 O maser and SiO thermal line, and discussed the possibility of the expanding SiO maser region in the equatorial direction. All of our analyses support that the central host star of OH231.8 is close to the tip of the AGB phase, and that the mass-loss rate recently started to decrease because of incipient post-AGB evolution.
INTRODUCTION
OH 231.8+4.2 (a.k.a. OH0739−14, IRAS 07399−1435, hereafter OH231.8) -which has the common name of Calabash nebula, Rotten Egg nebula, or Juggler nebula -is a particularly well-studied bipolar proto-planetary nebula (pPN) candidate. This object gives an extreme and puzzling conundrum, showing three varieties of stellar masers, namely, OH, H 2 O and SiO, that usually occur in oxygenrich asymptotic giant branch (AGB) stars, as well as various molecular lines of C-, S-and N-bearing species that appear in carbon-rich objects. Several authors have tried to ⋆ E-mail: jhkim@shao.ac.cn resolve the identity of OH231.8 at diverse wavelengths over the past four decades, using information in X-ray, optical, near-infrared (NIR), mm-continuum, molecular line emissions and masers (e.g. X-ray; Taylor & Morris 1993, optical; Sánchez Contreras et al. 2004 and references therein, IR & mm-wave; Sánchez Contreras et al. 2018 and references therein, masers; Dodson et al. 2018 and references therein), and also giving some geometric models of the bipolar outflow (Balick et al. 2017 , and references therein), since its discovery by Turner (1971) who detected the OH emission at 1667 MHz, which is seen in emission over a remarkably large velocity range of ∼ 100 km s −1 . The OH profile is relatively flat in this range, i.e. an emission plateau.
Geometrically, OH231.8 has a fast expanding bipolar Balick et al. 2017) . (c): Close-up K(2.2 µm) − L ′ (3.8 µm) color map (Kastner et al. 1998) , the reddest point in the map may be the position of the central star or near to it. (d) Close-up contour map of the central region obtained from the frequency phase referencing KVN observation of the H 2 O, SiO v = 1 and 2, J = 1→0 masers by Dodson et al. (2018) , the small red square indicates the astrometrically registered position of the SiO maser, and the cyan contour represents the H 2 O maser features. (e): Spatial distribution of SiO v = 2, J = 1→0 maser line obtained from the VLBA observation by Sánchez , the circle represents the angular extent of the central star, QX Pup, and the dashed lines indicates the directions of the nebular symmetry axis and equator.
and bubble-like tenuous outflow seen in the Hα image and a massive jet traced by the collimated CO molecular outflow, as the results of shocks propagating through the outer regions of the envelope. The central stellar system is deeply embedded in the dusty torus, and the bipolar outflow of this nebula flows out to north and south directions with immense deprojected velocities ∼ 430 (southern lobe) and ∼ 210 (northern lobe) km s −1 relative to the centre, traced by 12 CO molecular line . The majority of the gas flow observed today seems to stem from a sudden ejection event that happened only about 800 years ago. Balick et al. 2017) . The distance to OH231.8 is ∼ 1.54 kpc, derived from a trigonometric parallax measurement of the H 2 O masers by multi-epoch Very Long Baseline Array (VLBA) observations (Choi et al. 2012) . In addition, the presence of a Mira variable (M9III-M10III, named QX Pup) and the possibility of the existence of a compact companion have been suggested by several authors (Cohen 1981; Cohen et al. 1985; Kastner et al. 1992 Kastner et al. , 1998 , and direct characterization of the companion as an A0V star was reported by Sánchez Contreras et al. (2004) ; Matsuura et al. (2006) . The spatial distributions of the H 2 O and SiO masers have been imaged only a few times at sub-arcsecond scales with the VLBA (e.g. Sánchez Desmurs et al. 2007; Choi et al. 2012; Leal-Ferreira et al. 2012) , focusing on the inner region of OH231.8. Dodson et al. (2018) , recently, presented the astrometrically registered map of H 2 O (north and south) and SiO v = 1 and 2, J = 1→0 (in centre) masers for this nebula using the Korean VLBI network (KVN), although its angular resolution is insufficient to interpret the disk structure traced by the SiO masers (Fig. 1d ). This map, interestingly, resembles the view of the optical + NIR image (Fig. 1b) zoomed in by a factor of ∼ 500. The H 2 O maser clumps are distributed with several compact features mainly in two regions to the north and south directions. These fall at ∼ 50 mas (∼ 77 AU) from the central region of the nebula emitted SiO masers, and trace well a compact bipolar outflow. SiO masers are located in the middle of both H 2 O maser emitting regions, identifying the position of the Mira variable QX Pup, expected to be the primary star of the binary system and at the centre of the nebula. In particular, Sánchez suggest that the SiO maser features of the central star QX Pup forms an equatorial torus, with the structure elongated in the direction perpendicular to the symmetry axis of the nebula, and is undergoing the rotating + infalling motion, based on the VLBA image of SiO v = 2, J = 1→0 maser emission as shown in Fig. 1e .
In general, it is very unusual that both H 2 O and SiO masers (especially SiO), that mainly occur in oxygenrich envelopes during the AGB stage, are detected in binary/symbiotic systems with jet-like bipolar outflows in a brief pPN stage. H 2 O molecules are expected to be photodissociated to OH by the UV photons and the velocity coherence of the circumstellar atmosphere of the primary which generates SiO masers may be disrupted by the tidal interaction between the primary and the secondary. However, they are still found in the circumstellar conditions of OH231.8. In terms of the evolution, it is also very interesting that this pPN-like nebula/outflow has not a post-AGB star at the centre, but an AGB star, i.e. a Mira variable that is still experiencing active mass ejection, in the central part of the nebula. Sánchez Contreras et al. (2004) proposed that most circumstellar material in OH231.8 is the result of massloss from the central primary star, QX Pup, whose slow, but dense, AGB wind has been partially trapped by its compact companion, forming an accretion disk, and re-ejected by the latter as a collimated, fast ( 400 km s −1 ) wind in the direction perpendicular to the orbital plane. Therefore, we concentrate on the masers around the primary star, believed to be the Mira variable, of the central binary system of OH231.8 to understand the origin of this nebula and give some more information on how it developed. The secondary A0V companion cannot be directly observed, presumably due to a dense circumstellar accretion disk obscured along our line of sight.
Furthermore, one of the important viewpoints for considering the origin of OH231.8 is how the physical properties of the molecular atmosphere of OH231.8 vary in time. The intensity and velocity variations of both H 2 O and SiO masers can be a useful probe for the circumstellar atmosphere of OH231.8, since the SiO masers arise from the turbulent region between stellar photosphere and dust condensation zone (∼ 2-4 R * Diamond et al. 1994) and the H 2 O masers are located in the inner parts of the circumstellar envelope (CSE) and above the dust forming layer between 10 and 20 R * (Benson & Little-Marenin 1996) . Therefore, it is Kim et al. 2014, for details) . In addition, the time variations of their radial velocities allow us to infer the kinematics of the circumstellar atmosphere.
In this paper, we present the results of simultaneous monitoring observations of H 2 O and SiO masers toward OH231.8 for about 7 years from 2009, to understand the characteristics of the H 2 O and SiO masers and their relationship to the bipolar outflow including the inner region of OH231.8. The observations of OH231.8 are described in Section 2 and their results are presented in Section 3. In Section 4, we analyse the periodic variations of peak/integrated flux densities and peak/mean velocities of the H 2 O and SiO masers based on our detections of a periodic variability in these maser lines. Conclusions are summarized in Section 5.
OBSERVATIONS
Simultaneous monitoring and survey observations were carried out in H 2 O 6 1,6 -5 2,3 (22 GHz, K band), 28 Table 1 . Monitoring observations were conducted in the same observational mode as used for the post-AGB stars as reported previously (see Kim et al. 2016) .
Only left circular polarized K/Q band receivers were available during the observation periods of 2009 June -2012 May. Since 2012 June, when W/D band receivers were installed, the cryogenic K, Q, W bands High Electron Mobility Transistor (HEMT) receivers and D band SuperconductorInsulator-Superconductor (SIS) receiver were used. These have both right and left circularly polarized feeds (Han et al. 2013) . For all the observations, however, we used only the left circular polarized feed to get uniform data. The K, Q, W and D bands receivers yielded system noise temperatures of 90-330 K (K), 130-380 K (Q), 230-330 K (W) and 220-580 K (D), respectively. Detailed information for the half power beam widths (HPBW) and aperture efficiencies of three KVN antennas at four bands can be found at the KVN website 1 . Here we present just the averaged values of three antennas, i.e. the averaged HPBW and the aperture efficiencies are: 123 ′′ /0.58 (K), 62 ′′ /0.61 (Q), 32 ′′ /0.50 (W) and 23 ′′ /0.35 (D), for the four frequencies respectively. The pointing and tracking were found to be accurate to ∼ 4 ′′ and were checked about every 2-3 hrs by observing the nearby strong SiO maser source, the supergiant VY CMa.
For spectral analyses, we originally used a 4096-channel digital filter bank (DFB) with chosen total bandwidths of 4 × 64 MHz for the K and Q bands (H 2 O, 28 SiO v = 1, 2, and 29 SiO v = 0, J = 1→0 lines), producing the velocity resolutions of 0.21 km s −1 (K) and 0.11 km s −1 (Q), until 2012 May. After upgrading to the simultaneous four band system on 2012 June, we have utilized 4 × 32 MHz for the K/Q bands (H 2 O and 28 SiO J = 1→0 lines) and 2 × 64 MHz for the W and D bands ( 28 SiO J = 2→1 and 28 SiO J = 3→2 lines) with the velocity resolutions of 0.11 km s −1 (K) and 0.05 km s −1 (Q), 0.05 km s −1 (W) and 0.036 km s −1 (D). All the spectra were Hanning-smoothed to a velocity resolution of 0.42-0.44 km s −1 to improve the signal-to-noise ratio and provide a uniform velocity distribution between different bands. The interval between two consecutive observing sessions was roughly 2-5 months depending on the weather conditions in an assigned date and the maintenance schedule.
The calibration was carried out by the chopper wheel method, to correct the atmospheric attenuation and the antenna gain variations, and then the sky dipping curve analysis was conducted to correct the atmospheric opacity toward the target direction, to yield an antenna temperature T * A . The total integration time for each spectrum was 90-120 minutes (ON + OFF) to achieve the 1-σ sensitivity of 0.01-0.05 K. The averaged conversion factors of the three KVN telescopes from an antenna temperature to a flux density are about 13.8 Jy K −1 (K), 13.1 Jy K −1 (Q), 15.9 Jy K −1 (W), and 22.8 Jy K −1 (D), respectively. In Column 7 of Tables A1 and A2, we present conversion factors that actually applied in each observation (see the following Section).
OBSERVATIONAL RESULTS
We obtained spectra of OH231.8 at all 13 transitions of The H 2 O maser spectra commonly exhibit four peaked line profiles at V LSR of 25.4, 29.1, 38.3 and 42.3 km s −1 , distributed in two main groups with the blue-and redshifted features relative to the systemic velocity of the object. The peak intensity of the blueshifted component at 25.4 km s −1 is almost five times stronger than that of the red components, and their emission strength varies with time by a factor of 5-8. This feature was originally detected by Morris & Knapp (1976) and the most redshifted feature at 42.3 km s −1 was first presented by Genzel & Downes (1977) . Both of the two features continue to be seen up to the current date (see Fig. B1 ). The weak components at 29.1 and 38.3 km s −1 have been recently presented by the VLBI observations of Desmurs et al. (2007) ; Choi et al. (2012) ; Dodson et al. (2018) . SiO v = 1, J = 1→0 maser emission is detected at an averaged peak flux density of 1.72 Jy at V LSR = ∼ 25.1 km s −1 , at only eight epochs during mainly 2013-2014 (see Fig. B2 ). The averaged peak velocity of 25.1 km s −1 is very close to the velocity of the blueshifted H 2 O maser peak (i.e. not the midpoint of the H 2 O line profile). This velocity distribution is very unusual because, in general, the peak velocity of SiO maser emission is centred on the midpoint of the 22 GHz H 2 O maser profile in most AGB stars (Kim et al. 2014 , and references therein). There is a sudden strong emission around 2013 April 12. This maser was not detected in data taken up till and including mid-2012 and was only detected from 2012 October. It showed the strongest emission on 2013 April 12, and then rapidly weakened and disappeared. At that time, the peak flux density of the SiO v = 1, J = 1→0 maser shows 3.87 Jy at V LSR = 25.5 km s −1 comparable to the intensity of SiO v = 2, J = 1→0 maser. Apart from the tentative detections by Takaba et al. (1994) ; Nyman et al. (1998) ; Sánchez ; Desmurs et al. (2007) ; Kim et al. (2010) , this emission spike was indubitably detected only once by the observation on 1983 December of Jewell et al. (1991) , when it appeared four times stronger than our result. This sudden maser brightening may be due to short-lived events of enhanced mass-loss from the central Mira variable in relation to the stellar pulsation. Another possible interpretation is the maser powering effect due to the orbital motion of its compact companion, passing through the periastron. These possibilities are described in the following section.
SiO v = 2, J = 1→0 maser was detected relatively frequently in 21 epochs, showing 2-4 peaked profiles with a strong flux variation by a factor of 4-5 (see Fig. B3 ). Parameters of the strongest double-peaked profile only are listed in Table A1 . Such a SiO maser profile with 2-4 peaks is rarely detected for an evolved star, while some supergiants and binary/symbiotic systems often show these type of line profiles, implying rotation of the SiO maser shell (e.g. VX Sgr; Doeleman et al. 1998 For the SiO v = 1, J = 2→1 maser ( Fig. B4 ), the lines were detected at the early six epochs out of a total of 13 epochs, and have not been detected since the observations of 2013 November 27 (131127). The detected lines exhibit double-peaked profile groups that are separated with the blue-and redshifted components like the v = 2, J = 1→0 profiles. The date when the maximum flux (∼ 1.65 Jy) of the SiO v = 1, J = 2→1 maser was observed was the same as the date (2013 April 12) when the maximum fluxes of SiO v = 1 and 2 J = 1→0 masers were observed. On the other hand, the H 2 O maser appears to be insensitive to the presence of strong SiO maser intensity, showing only a gradual decrease with the periodic maser flux variation relative to the OLC. These facts corroborate that SiO and H 2 O masers of OH231.8 are distributed at different locations with respect to the centre of the nebula in agreement with the VLBI observational result of Dodson et al. (2018) .
Meanwhile, SiO v = 0, J = 1→0 emission was detected for the first time in four different epochs (Fig. B5 ). This emission line exhibits weak, narrow features at a similar velocity range with SiO v = 1, J = 1→0 line. SiO v = 0, J = 2→1 line is also detected in two out of three epochs, showing the signature of thermal circumstellar emission, e.g., broad and parabolic line profiles. Detection of the SiO v = 0, J = 2→1 has been previously published by Morris et al. (1987) . For all detected maser transitions, the flux and velocity variations with time are discussed in Section 4.
ANALYSES AND DISCUSSION

The optical variability
The primary star of the central binary system of OH231.8 nebula is classified as a Mira-type long period variable star. Previous photometric studies of the nebula conclude that the pulsation period is ∼ 661 days in JHK L infrared observations (Feast et al. 1983 , re-calculated by Bowers & Morris 1984) , ∼ 684 days in 1667 MHz OH monitoring (Bowers & Morris 1984) , ∼ 692 days and ∼ 708 days in 2.2 µm monitoring (Reipurth 1987; Kastner et al. 1992) . From these results over the last 25-30 years, the pulsation period could be estimated to be 690 days. Recently, AAVSO has been providing the optical data for the central star QX Pup from 2008 February up to the present. The complementary data were taken through the Cousins I filter. The magnitude uncertainty of the data is on average less than 0.1. Fig. 3 shows its OLC and the dynamic fitting curve with simple sinusoidal waveforms over a period of about 10 years (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) (2017) (2018) . From the fitting, we derive a period of 554 ± 9 days, giving the following ephemeris:
Max. = JD 2 450 000+4 740, 5 288, 5 839, 6 406, 6 962, 7 510, 8 059.
( 1) According to Fig. 3 and the above maximum values (eq. 1), we could estimate that the period of the last decade is almost 140 days shorter than those of 25-30 years ago. The shortening of the pulse cycle over time is related with the mass-loss rate of the central star. During the final phase for AGBs, the star has a thermally unstable helium-burning shell, punctuated by briefly fierce shell flashes (Wood & Zarro 1981) . This gives rapid changes in surface luminosity of the star, and during each pulse, most of the materials are ejected from the star, giving an empirical formula relating the mass-loss rate to the pulsation period (Vassiliadis & Wood 1993) . We adopt each maximum value (eq. 1) of the OLC in our subsequent analyses of H 2 O and SiO maser properties to investigate the correlation of both masers with optical phases.
Time variations of the maser fluxes
We mainly focus on the time monitoring results of the detected H 2 O, SiO v = 1, 2, J = 1→0 and SiO v = 1, J = 2→1 masers.
Figs. 4 and 5 show periodic variations of the peak and integrated flux densities of H 2 O, SiO v = 1, 2, J = 1→0 and SiO v = 1, J = 2→1 maser lines with the OLC. There was an interruption of approximately one year in 2014-2015 during the monitoring due to the system upgrade and startup of the KVN Key Science Projects. Nevertheless, we could find that periodic flux variations of H 2 O and SiO v = 2, J = 1→0 masers follow the OLC of the central star well, although they are by far less evident than that of the OLC. Both maser fluxes show a long-term trend that decreases over time. However, in the case of SiO v = 1, J = 1→0, there is no evidence for periodic variability. It showed only one strong flux peak near the optical maximum phase (MJD 6406, the modified Julian date; JD-2450000). In the case of SiO v = 1, J = 2→1 maser, the number of observations is relatively small and the detection rate (50 %) is too low to discuss any periodic pattern. However, the highest flux value of the blueshifted peak of this maser emission was also detected near MJD 6406, which had the optical maximum phase, as in the other two SiO masers.
To check these long-term trends, we also investigated previous observations. In addition, further KVN single dish observation was made on 2018 September 8 (= MJD 8370, φ = 5.57) to determine how these trends were reflected at the most recent date. Table 2 gives the peak flux densities and their velocities of the H 2 O and SiO v = 1, 2, J = 1→0 masers for OH231.8 from publications and our recent observation. These results are displayed in Fig. 6 with our observed data.
H 2 O maser
During monitoring periods, we obtained 24 H 2 O maser spectra, predominantly showing three or sometimes four features, one or two blue-and the other two redshifted with respect to the stellar velocity (Figs. 2 and B1 ). The blueshifted feature is a blend of two individual maser lines. The weak blueshifted line close to the stellar velocity is difficult to distinguish clearly because it is sometimes embedded in the wing of a strong line feature or not appeared. Therefore, this line is excluded from the discussion.
In Fig. 4b , it is presented the peak flux variation of three-peaked H 2 O maser components. We found that the periodic flux variations of the H 2 O maser correlate well with the OLC. The maximum peak fluxes of the H 2 O maser are represented at the optical phase (expressed in cycles) φ = 1.15, 2.03, 2.98, i.e. the normalized phase lag of 0-0.15. It is clearly apparent that H 2 O maser emission of OH231.8 is closely related to the stellar pulsation of the central primary star with a small phase lag, even though there are no data around the fourth optical maximum between 2014 June 5 (= MJD 6814) and 2015 April 17 (= MJD 7130). This may be because H 2 O molecules are mainly pumped by collisions with particles of the circumstellar gas in the outer region of the dust shell and the propagation of shock waves generated by the stellar pulsation through this region can enhance maser excitation. An alternative explanation was proposed by Richards et al. (2012) . They suggest that a periodic H 2 O maser flux variation is affected by changing the stellar IR field so as to control the maser pumping efficiency. This can explain a zero or short phase lag in the maser flux variation. From a result of our monitoring observations only, the sce- nario that H 2 O maser excitation changes are closely related to the stellar IR variability seems more reliable. However, we can not conclude on which scenario is correct, because our monitoring results only present changes over a limited period of time (three periodic cycle in about seven years).
A longer monitoring will be needed. From previous statistical studies (Kim et al. 2014 , and references therein) and long-term monitoring observations of individual stars (Lekht et al. 2005 , and references therein), clear correlations were presented between the flux density of H 2 O maser emission and the optical phase of the central Mira variable, typically showing a phase lag of about 0.01-0.4. Thus, the performance of the H 2 O maser in OH231.8 resembles that around Mira variable, although it is not clear. Therefore, one can consider that this maser is still associated with a CSE of the central Mira variable rather than the fast bipolar outflow that is visible in the optical observations and driven by the companion star in the binary system. Furthermore, as shown in Figs. 4b and 5a, the peak and integrated intensities of the H 2 O maser present a gradual decrease along with the decline of optical amplitude with time. This decreasing pattern can be expressed by simple linear regression analysis as follows (Fig. 5a) ;
where MJD is the modified Julian date (JD −2450000) and f (MJD) is the integrated flux density (Jy km s −1 ). If this pattern of H 2 O maser emission is simply continued, it will fi- (Fig. 6a) , then, it has decreased steeply. In this case, we could guess that the pulsation-driven shock wave from the central Mira variable has weakened dramatically in recent years, according to the decline of the mass-loss rate associated with the final AGB phase, before forming a PN nucleus. However, the observational results for the 20 or 30 years before our observations are not clearly following this pattern, as shown in Table 2 and Fig. 6a . Although the detected data prior to our monitoring observations are not enough to confirm the variability trend accurately, it seems that the H 2 O maser intensities have remained silent with an averagely ∼ 12 Jy before clear episode of the intense H 2 O masing on around 2010. These results leads us to conclude that there has been a transient episode of strong H 2 O masing on around 2010 (probably denoting a short episode of enhanced mass-loss rate) and a subsequent decline of the mass-loss rate back to values before the burst took place, and this could repeat in the future. Therefore, to establish a valid cause, continuous monitoring observation toward this object is needed.
SiO masers
As plotted in Figs. 4c and 5b, the SiO v = 1, J = 1→0 maser was detected in only eight epochs around 2013 April 12. On that date, the SiO v = 1, J = 1→0 maser shows the strongest intensity, which is comparable to that of the SiO v = 2, J = 1→0 maser. In addition, as mentioned in Section 3, the SiO v = 1, J = 1→0 maser appeared only in the blueshifted part, relative to the systemic radial velocity. This means that the SiO v = 1 maser is emitted in a small compact region that shows strong blueshifted velocity components for a limited period. Considering previous records for SiO v = 1 maser detection (Table 2 and Fig. 6b) , the equatorial distribution of the SiO maser clumps, and the presence of a secondary star in OH231.8's core, the companion might be playing a role in the overall dynamics of the SiO maser region. This brief strong SiO amplification could be related to the passage through the periastron of the binary companion. If this inference is plausible, it suggests that the compact companion has an orbital motion that passes at least close to the turbulent shell between the stellar photosphere and the dust condensation zone (∼ 2-4 R * from the primary star) through the periastron, and the SiO v = 1 maser may be associated with short-lived events of enhanced material transfer from the central primary star to the companion star, forming the environment of a high temperature of over 1,000 K and density of over 10 9 cm −3 . Sánchez estimated ∼ 8 mas for the maximum spatial extent of the SiO maser structure around the central Mira variable in the OH231.8 binary core, which, in turn, yields a radius of ∼ 9.22 × 10 13 cm at 1.54 kpc. Thus, the binary separation during the periastron can be estimated to be ∼ 6 AU with an elliptical orbit, if it is speculative to attribute the SiO maser flare to the periastron passage of the companion. This maser emission has not been detected or only tentatively detected by several authors since Jewell et al.'s detection, other than our result (see Table 2 and Fig. 6b ). Therefore, it could be said that the orbit lasts at most < ∼ 30 yr because other events could have occurred between Jewell et al.'s detection and ours. However, this explanation is still speculative. In addition, there is also a high possibility that the SiO maser flare would have nothing to do with the approach of the companion.
In order to validate the hypothesis for the effect of the companion, it would require a clear detection of a new flare again at any rate. If such a phenomenon occurs again, the effect of the periastron passage of the binary companion may be considered more seriously.
SiO v = 2, J = 1→0 maser emission was detected relatively frequently in 21 out of 24 epochs, showing 2-4 peaked profile with a strong flux variation by factors of 4-5. The flux variation of each blue-and redshifted peak component and that of the integrated intensity are plotted in Figs. 4d and 5b. The SiO v = 2 maser shows a periodic variation for both the peak and integrated flux densities in common with those of the H 2 O maser. Namely, the flux density variation of the SiO v = 2 maser correlates well with the OLC of the central Mira variable, giving the maximum peak fluxes at phases φ = 1.15, 2.14, 2.98, i.e. the normalized phase lag of 0-0.15, as for the H 2 O maser. Moreover, SiO v = 2 maser emission also shows the strongest peak flux density on 2013 April 12, which appears to have been a brief event during our monitoring period, like the SiO v = 1, J = 1→0 maser emission. The blue-and the redshifted peak components have been consistently detected at similar intensities, and near 2013 April 13, the blueshifted peak component was briefly detected to be two times stronger than the red component. This may be related to the fact that the SiO v = 1 maser also suddenly showed a strong blueshifted peak on the same date. Although the spatial and velocity distributions of SiO v = 1 and 2 masers of known Mira variables are not quite exactly the same, many of them have similar distributions (e.g. Desmurs et al. 2000; Yi et al. 2005) . Therefore, assuming that the spatial and velocity distributions of SiO v = 1 and 2 masers in OH231.8 are similar, one possible interpretation for sudden strong blueshifted peaks of both masers at the same date is that the companion star could have created a compact environment in which SiO maser emission can be strongly generated (high temperature and density), passing over a circumstellar atmosphere that has a relatively blueshifted velocity with respect to the central star (presumably closest to the periastron), where the velocity gradient may be sufficiently small that maser excitation along radial paths arise.
Meanwhile, the SiO v = 2 maser fluxes show a long-term decrease with time, like those of the H 2 O maser (Fig. 5) . As shown in Fig. 6c , previously detected fluxes are much stronger than those in our results and more recent fluxes are weaker than our results. As with the case of H 2 O masers, the decreasing tendency of SiO maser fluxes seems obvious. This decreasing tendency can be also expressed by a simple linear regression analysis as follow (see Fig. 5b) ;
where MJD is the modified Julian date (JD −2450000) and f (MJD) is the integrated flux density (Jy km s −1 ). The declining slope of the SiO v = 2 maser fluxes is less steep than that of the H 2 O, however, it is clear that both SiO and H 2 O maser are losing their strength over time. We conclude that it will not be easy to detect both of these masers from OH231.8 after 2021. This is consistent with the results of the analysis for the H 2 O maser that the central primary star is currently leaving the AGB phase of stellar evolution (Lewis 1989; Habing 1996) . This occurs when the gas mass-loss rate decreases drastically, so the circumstellar shell is no longer replenished and becomes detached from the central star.
Variations of maser velocity structures
Many pPNe and PNe have characteristics of a radial outflow whose velocities increase linearly with the distance from the nucleus that one describes as Hubble flows (Balick & Frank 2002) . Such kinematic patterns can be a result of ballistic travel, suggesting that all the material we detect was accelerated very fast in the past, but soon reached a terminal velocity. Therefore, we analysed velocity patterns of H 2 O and SiO masers to tease out long-term dynamic trends of the circumstellar gas in OH231.8. Fig. 7 shows the peak and mean velocity patterns of detected SiO and H 2 O maser emission relative to the systematic velocity of the central Mira variable, according to the optical phases.
H 2 O maser
The peak velocities, which have within the measuring errors (≈ 0.4 km s −1 ), of the three features of H 2 O masers relative to the stellar velocity, V peak − V * , are given in Fig. 7a , plotted against observational epoch. Throughout the monitoring program that covers a period over four stellar pulsation cycles, the V peak of the H 2 O components are remarkably constant within ±0.5 km s −1 , distributing in two main groups with the blueshifted components at −8.0 km s −1 and the redshifted components at ∼ 5.3 and ∼ 9.3 km s −1 with respect to the V * . This kinematic pattern of the H 2 O maser provides an shred of evidence for ballistic travel of bipolar outflow in OH231.8, i.e. that each H 2 O clump is expanding at a constant velocity, particularly when combined with the similar results from the mean velocity. This can be compared with the measurement of proper motions by Dodson et al. (2018) . No sign of acceleration/deceleration was detected in that study. From these results, we suggest that constantvelocity, ballistic motion, as the most viable paradigm of pPN dynamics, is presented in OH231.8. Quite a number of bipolar pPNe/PNe exhibits such motions, showing cylindrical jets that are accelerated in a way that they mimic a ballistic jet, although the theory is not fully developed (e.g. Bujarrabal et al. 2001; Balick & Frank 2002; Corradi 2004; Huggins 2007 ). Fig. 7b shows mean velocity shifts of each blue-and redshifted part with respect to the stellar velocity, to wit, the bidirectional velocity centroid of the H 2 O maser, V mean (blue)−V * and V mean (red)−V * . This graph clearly reflects the results of Fig. 7a with variations smaller than ±0.5 km s −1 .
SiO masers
The peak and mean velocities, V peak and V mean , of SiO maser emission with respect to the stellar velocity, V * , are presented in Fig. 7 (V peak − V * and V mean − V * ). Unfortunately, it is not possible to identify any notable characteristic trend of the SiO v = 1, J = 1→0 and J = 2→1 masers, due to the limited detections. On the other hand, those of the SiO v = 2, J = 1→0 maser emission exhibit a long-term trend, to wit, a gradual increase in the relative peak velocities of both blueand redshifted components of SiO v = 2, J = 1→0 maser emission with respect to the V * (see Fig. 7c ). This trend is visible over the OLC cycles of up to 7 years. This long-term velocity pattern is characterized by the polynomial regression using the least squares estimation. Although it is accompanied by a slight decrease and increase in velocity over a period of MJD 5297 -5482 (i.e. 2010 April -October, from φ = 1.02 to φ = 1.35, corresponding to a phase of starting stellar contraction), implying a turbulence inside the CSE close to the central Mira variable, a significant and systematic increase of the absolute value of the shifted velocity, |V peak − V * |, is apparent, giving the asymptotic velocity of −7.8 km s −1 and 8.5 km s −1 for blue-and redshifted components, respectively.
From the analysis result, we suggest that the dominant dynamic process in the SiO masing region of OH231.8 is radial acceleration, which is very different from standard AGB stars. The acceleration tends to be higher at the beginning, reaching sometimes an almost constant velocity. During their travels, the SiO masers will quench at some point, as suggested by Fig. 7c (all spikes disappear sooner or later) .
We note that the asymptotic velocity of SiO v = 2 maser emission is very close to the velocity of H 2 O peak components, but, does not exceed that of the H 2 O maser. This indicates that an expansion velocity of the SiO maser clumps may increase closely to the outflow velocity identified in the H 2 O clumps. However, they will not reach the H 2 O region spatially, because they expand along the equator, apparently; we guess that no clump will continue masing well before they reach the distance at which the H 2 O masers are emitting. Thus, SiO maser clumps would be in the short-lived regime of significant acceleration before ballistic dynamics take over.
In Fig. 7d , we present the relative mean velocity of SiO v = 2, J = 1→0 maser emission with respect to the systemic velocity with a black triangle symbol. The relative mean velocity value has changed from being dominantly blueshifted to being dominantly redshifted during the monitoring period. From this pattern, one may guess rotation due to the orbital motion of the central star. However, the most likely cause for the mean velocity pattern of our results could be the changes in the relative peak intensities. The variation of the V mean values seen in Fig. 7d cut conspicuous figures in the relatively negative and positive velocities found, respectively, at MJD 6030 and 6701 (2012 April 12 and 2014 February 12) . In these two epochs, the maser emission is almost undetected and dominated by only one weak feature, at relatively negative and positive velocities respectively. The variation in the V mean reflects this particular change from emission dominated by the negative velocities to emission with more intense positive spikes, particularly noticeable when the emission is very weak. The velocity of the individual spikes, probably corresponding to the velocity of the maser clumps, does not show any significant changes across these epochs (see Fig. 7c ). In addition, the V mean of SiO v = 1, J = 2→1 maser emission show the opposite pattern of change in that of SiO v = 2, J = 1→0 maser emission, as shown in Fig. 7b . Therefore, it is difficult to conclude that this would be caused by rotation. It may be rather related to the unstable conditions and pulsation motions in the SiO maser emitting regions, which will make the same bright SiO spots sometimes being redshifted and sometimes blueshifted. On the other hand, if the clumps are in accelerated expansion, the amplitude of the pattern curve with positive/negative velocity increases over time, reflecting the velocity of the individual spikes, and those with positive/negative velocities would keep with the positive/negative velocity with increasing values of the absolute value. Therefore, we suggest that the most possible mechanism driving the large-scale movement of the SiO maser region is accelerated radial expansion, despite the potential to infer both of the rotation and the expansion of the SiO maser. 
Full Width at Zero Power of H 2 O, SiO masers and SiO thermal line
Since the SiO v = 2, J = 1→0 maser of OH231.8 represents the equatorial torus-like structure , it does not appear to have a direct impact on the formation of the high velocity bipolar outflow in this nebula which has been identified from various molecular lines (especially, 12 CO emission). Instead, it seems to be related with the dense equatorial waist of the nebula by the effect of the companion. Measuring high velocity and spatial resolution observations of this SiO maser emission will give us a sense of the expansion and the contraction in the equatorial direction.
On the other hand, geometrically, the H 2 O maser shows the underlying bipolar outflow that probably produce the macro-scale structure of the nebula, which represents the innermost parts of the SiO outflow traed by SiO J = 7→6 and 29 SiO J = 8→6 lines (Sánchez Contreras et al. 2018) . The velocity extent of the H 2 O maser line may give the outflow velocity which makes up a sizable fraction of the terminal velocity. Therefore, we measured the full width at zero power ( Table 3 . Here, those of the SiO v = 1, J = 1→0 maser were excluded because it only showed the blueshifted peak components. In addition, the FWZPs of the SiO v = 2, J = 1→0 maser were measured, only where both blue-and redshifted peak components were detected.
As expected from the previous analyses of the peak/mean velocities and Fig. 8 , the FWZP of the H 2 O maser line remains relatively stable with a small variation of ∼ 6 km s −1 , compared to that of SiO maser emission for the entire pulsation cycle during our observation period. The expansion velocity of the H 2 O maser can be estimated from the velocity difference between the systemic radial velocity of the central star and the most blue-or most redshifted velocity of the H 2 O maser line. Thus, we estimate the H 2 O outflow velocity as ∼ 18 km s −1 . This value is in good agreement with the H 2 O expansion velocity of ∼ 19 km s −1 estimated by Dodson et al. (2018) . In addition, we also estimate Sánchez Contreras et al. 2018 ). This SiO compact outflow seems to be the large scale counterpart of the H 2 O maser bipolar flow. Meanwhile, the FWZP of the SiO v = 2, J = 1→0 maser shows rapid changes over time, with a large variety of ∼ 14 km s −1 between ∆v min and ∆v max . This is because the line profile of the SiO v = 2 maser which basically shows double-peaked features, tends to broaden with time, following its peak velocity pattern, suggesting the expansion of the SiO features. Moreover, this emission line traces the torus-like structure in the equatorial direction, so that it cannot directly be compared to the expansion velocity to the estimated values from the H 2 O maser and SiO thermal line. In other words, according to Sánchez Contreras et al. (2002) , Dodson et al. (2018) and our observations, the materials traced by the SiO masers are mainly located and expanded in the equatorial direction, while the outflow materials traced by the H 2 O maser and SiO thermal line are located and expanded in the axial symmetric bipolar direction.
The equatorial expansion velocity of the SiO v = 2, J = 1→0 maser also increases gradually over time with the absolute values, |the most V blue − V * | = ∼ 7.1-12.0 km s −1 and |the most V red − V * | = ∼ 4.4-16.3 km s −1 . The redshifted part shows a more violent velocity change than the blueshifted part, giving the averaged expansion velocity of 11.8 km s −1 . The averaged FWZPs presented in Table 3 and the expansion velocities estimated above are larger than the range of values found in typical Mira variables, and are similar to the values found in OH/IR stars, as presented in Kim et al. (2014) . In particular, the averaged FWZP of the H 2 O maser line, 25.3 km s −1 , is very consistent with that of OH/IR stars (25.5 km s −1 ). In addition, the FWZP ratios of H 2 O to SiO masers fall within or approach the range of values found in early post-AGB stars (Kim et al. 2016) . Therefore, it is presumed that the central host star that powers the maser lines in this nebula is at the end of the AGB phase or is located in the latter half, as also suggested in the previous analyses.
SUMMARY
We conducted the simultaneous monitoring observations of 22 GHz H 2 O maser and 12 other transitions of maser and thermal lines of SiO molecule (43, 86 and 129 GHz bands) to determine the variability properties of H 2 O and SiO masers, and to constrain the origin of the peculiar pPN OH231.8, that is powered by a binary system. Both H 2 O, SiO v = 0, 1, 2, J = 1→0 and SiO v = 0, 1, J = 2→1 emissions were simultaneously detected. In addition, we have estimated a new optical period of ∼ 554 days, using optical data over the last 10 years (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) (2017) (2018) provided by AAVSO. Our monitoring results strongly suggest the periodic variability with an optical phase lag of ∼ 0.0-0.15 in especially H 2 O and SiO v = 2, J = 1→0 maser lines. In spite of this time delay, the period of the maser flux densities obtained by our monitoring observations agrees with the newly calculated optical period.
The H 2 O maser emission commonly shows a doublepeaked grouping, tracing the bipolar outflow of this object as known from previous works with spatial resolution. The SiO v = 1, J = 1→0 maser line was detected at only several epochs, with brief strong amplification. We suggest that the latter might be due to a short-lived event of enhanced mass loss, from the central Mira variable, perhaps passing in front of its compact companion, at periastron. Another rotational transition, SiO v = 2, J = 1→0 maser, shows profiles with 2-4 maser emission peaks at almost every observing epochs. We found a good correlation between the intensity variations and the OLC of the central Mira variable in both H 2 O and SiO masers, with small phase delay at light maximum. With these characteristics, the intensity of both masers shows a decreasing trend with time during the monitoring period. It is reasonable to expect that both masers will be finally disappeared in at least 10 years if this tendency is continued.
We have also found a systematic time-varying behaviour in the velocity structures of the detected masers, which can be used to infer dynamic patterns of the inner circumstellar shells surrounding the central stellar system. The most peaked velocity components of H 2 O maser profiles appear to be remarkably constant in blue-and redshifted velocity regions without regard to periodic variations, tracing well the bipolar outflow of OH231.8. This is a good evidence of ballistic movement (after a short phase of velocity increase) of the outflow in this nebula, as a paradigm of pPN dynamics, i.e. that the H 2 O clumps are at present expanding with no significant acceleration, considering spatially expansion of the H 2 O maser clumps found by Dodson et al. (2018) . On the other hand, the velocity structure of SiO v = 2, J = 1→0 maser emission shows a general kinematic trend. A systematic increase of the peak velocities of the individual clumps seems to be apparent, showing that its asymptotic velocity is close to a terminal expansion velocity of H 2 O peak components. The fact that the velocities of the SiO maser clumps tend to converge precisely to the velocity of the H 2 O maser clumps would indicate that the SiO maser clumps reach that maximum velocity, which would remain constant during a long time in ballistic movement. Namely, if one assumes that the SiO maser clumps are expanding with a velocity that increases with time but with a decreasing acceleration, such that the velocity converges to that of H 2 O, and that the H 2 O maser clumps are now in expansion at constant velocity, then, the short phase of acceleration of the ballistic movement of the H 2 O clumps would be that observed thanks to the SiO-emitting clumps. It is very probable that SiO maser clump motions are more complex than a simple accelerated expansion; however, we suggest that our monitoring results present a trend of expanding dynamics at moderate velocity and show some acceleration. In order to be well documented this phenomenon, also needs a multiepoch high spatial resolution mapping of the SiO maser.
By measuring the FWZPs of the H 2 O, SiO masers and SiO thermal line, we estimated the expansion velocity of bipolar outflow (traced by the H 2 O maser and the SiO thermal emission) and the equatorial expansion velocity (traced by the SiO v = 2, J = 1→0 maser).
From all of our analyses, we speculate that the central host star of OH231.8 is close to the tip of the AGB phase, and that the mass-loss rate recently started to decrease because of incipient post-AGB evolution. In addition, if H 2 O maser flux history in the 1975-2018 period, is interpreted as a reflection of the mass-loss rate, then the strong brief episode of H 2 O masing in 2010 could imply a last period of intense mass-loss before a gradual decline at the end of the AGB phase. Figure B1 . spectra of the H 2 O maser monitored toward OH231.8. Figure B4 . spectra of the SiO v = 1, J = 2→1 maser monitored toward OH231.8. Figure B5 . spectra of the SiO v = 0, J = 1→0 and 2→1 lines monitored toward OH231.8.
